Background: Tight junctions play an essential role in the maintenance of endothelial barrier function. Results: 15(S)-HETE stimulated ZO-1 phosphorylation at Thr-770/772 residues in PKC⑀-dependent MEK1-ERK1/2 activation disrupting endothelial tight junctions and barrier function. Conclusion: PKC⑀ by interrupting ZO-1 and occludin interactions plays a role in 15(S)-HETE-induced endothelial TJ disruption. Significance: 12/15-Lipoxygenase appears to be a crucial player in the modulation of endothelial barrier permeability.
lipid-laden macrophages and smooth muscle cells as well as other inflammatory cells in the vessel wall (3, 4) . The major risk factors of this disease are hypercholesterolemia, dyslipidemia, diabetes, obesity, and smoking, and all of these risk factors are associated with induced expression or enhanced activity of 12/15-lipoxygenase (12/15-LO), 2 a murine ortholog of human 15-LO1 (5) (6) (7) (8) (9) . Both human 15-LO1 and 15-LO2 metabolize arachidonic acid (AA) mainly to 15(S)-hydroperoxyeicosatetraenoic acid, which is subsequently reduced to 15(S)-HETE (10, 11) . Furthermore, 15-HETE was found to be the predominant eicosanoid formed in the arteries of Watanabe heritable hyperlipidemic and cholesterol-fed rabbits (12, 13) . Besides its role in the conversion of AA, 15-LO1 has been shown to oxidize low density lipoprotein (LDL), a crucial mediator of atherogenesis (14, 15) . In addition, either inhibition of 15-LO1 or deficiency of 12/15-LO decreased lipid peroxidation and reduced the burden of atherogenesis (16, 17) . Furthermore, overexpression of human 15-LO1 in the endothelium of LDL receptor-deficient mice exacerbated early atherosclerosis (18) . Thus, there is a convincing body of evidence for the role of 15-LO1 in atherogenesis. However, besides its capacity in LDL oxidation, the other possible mechanisms by which 15-LO1 (12/15-LO in mice) could play a role in atherogenesis are still not clear.
The endothelium forms a continuous inner lining of the blood vessels and provides a selective nonthrombogenic permeability barrier between the vascular wall and blood (19, 20) . Tight junctions (TJs) play a crucial role in the regulation of endothelial barrier function, and their disruption leads to increased paracellular permeability and endothelial dysfunction (21, 22) . Endothelial dysfunction is generally regarded as the initial step in atherosclerotic plaque formation (23, 24) . Because many risk factors for cardiovascular diseases increase the expression or activity of 12/15-LO and atherosclerotic but not healthy arteries produce 15-HETE, we asked the question whether this lipid molecule alters endothelial barrier function promoting transmigration of monocytes, thereby setting the stage for atherogenesis. In this context, it should be noted that studies from other laboratories have reported that deletion of the 12/15-LO gene reduces vascular permeability in a mouse model of acute lung injury (25) . In addition, a recent report showed that 12(S)-HETE by NADPH oxidase-dependent reactive oxygen species production and VEGF receptor-2 tyrosine phosphorylation increases retinal endothelial cell permeability (26) . Previously, we have demonstrated that 15(S)-HETE by stimulating ZO-2 tyrosine phosphorylation and its dissociation from claudins 1/5 disrupts endothelial TJs and its barrier function. We also showed that 15(S)-HETE elicits similar effects in mouse arteries ex vivo and deletion of 12/15-LO gene prevents high fat diet-induced disappearance of ZO-2 and claudins 1/5 from aortic endothelial TJs (27) . In this study, we asked the question whether 15(S)-HETE also triggers serine/threonine phosphorylation of TJ proteins in the dissemblance of endothelial TJs causing increased vascular permeability. Here, we report that 15(S)-HETE stimulates intracellular TJ protein, zona occludens-1 (ZO-1) phosphorylation at Thr-770/772 residues in PKC⑀-mediated MEK1-ERK1/2 activation and that phosphorylation of these amino acid residues is required for its dissociation from the TJ transmembrane protein, occludin, causing endothelial TJ disruption and its barrier dysfunction, and thereby promoting monocyte transmigration. High fat diet feeding also caused ZO-1 dislocation from endothelial TJs leading to increased vascular permeability only in WT mice but not in 12/15-LO Ϫ/Ϫ mice.
MATERIALS AND METHODS
Reagents-5(S)-HETE, 12(S)-HETE, 15(R)-HETE, 15(S)-HETE, anti-15-LO1 antibodies, and PD098059 were purchased from Cayman Chemical Co. (Ann Arbor, MI). Growth factorreduced Matrigel was obtained from BD Biosciences. Evans blue dye, trypan blue dye, fluorescein isothiocyanate/dextran, and thrombin were bought from Sigma. Anti-phospho-p44/42 and anti-phospho-p38 MAPK antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-ERK2, anti-Jam-B, anti-p38 MAPK, and anti-GFP antibodies as well as PKC⑀ inhibitor peptide were bought from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-Ser/Thr antibody was purchased from Abcam (Cambridge, MA). Anti-ZO-1, anti-ZO-2, anti-claudin-1, anti-claudin-5, anti-occludin, and anti-Jam-C antibodies, BCECF-AM, Hoechst 33342, goat anti-rabbit, goat anti-mouse, and goat anti-rat secondary antibodies conjugated with Alexa Fluor 568, Alexa Fluor 488, ProLong Gold Antifade reagent, pAd/CMV/V5-GW/lacZ vector, medium 200, low serum growth supplements, and gentamycin/ amphotericin solution were from Invitrogen. Anti-Jam-A antibodies were bought from R & D Systems (Minneapolis, MN). Rat anti-mouse CD31 antibodies were obtained from BD Bio-sciences. All primers and oligonucleotides were synthesized by IDT (Coralville, IA).
Adenoviral Vectors-Construction of Ad-GFP, Ad-dnMEK1, Ax-PKC D/N␦ (Ad-dnPKC␦), and Ax-PKC D/N⑀ (Ad-dnPKC⑀) was described previously (28, 29) . Ad-dnPKC was constructed by retrieving FLAG.PKC.KW from pCMV5.PKC.KW vector (30) by digestion with EcoRI and cloning it into the same sites of pENTR3C vector generating pENTR3C-PKC.KW. The pENTR3C-PKC.KW was subjected to recombination using pAd/CMVV5-DEST vector to generate pAd-dnPKC, which was linearized by digestion with PacI and transfected into HEK293 cells. To generate Ad-lacZ, pAd/CMV/V5-GW/lacZ was digested with PacI, gel-purified, and transfected to HEK293A cells. The adenovirus was purified by cesium chloride gradient ultracentrifugation as described previously (28) .
Cell Culture-Human umbilical vein endothelial cells (HUVECs) were obtained from Invitrogen and cultured in medium 200 containing low serum growth supplements, 10 g/ml gentamycin, and 0.25 g/ml amphotericin B. THP1 cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA) and grown in RPMI 1640 medium containing 50 M 2-mercaptoethanol, 10% fetal bovine serum, 100 IU/ml penicillin, and 100 g/ml streptomycin. Mouse pancreatic endothelial cells were obtained from ATCC and cultured in DMEM/F-12 medium supplemented with 10% FBS, 50 units/ml penicillin, and 50 g/ml streptomycin. The human peripheral blood CD14 ϩ monocytes were purchased from ReachBio LLC (Seattle, WA), suspended in RPMI 1640 medium containing 50 M 2-mercaptoethanol, 100 IU/ml penicillin, and 100 g/ml streptomycin, and used for transmigration assay. To collect peritoneal macrophages, WT mice were injected with 2 ml of 4% autoclaved thioglycollate, and 4 days later, the animals were anesthetized with ketamine and xylazine, and the peritoneal lavage was collected in RPMI 1640 medium. Cells were cultured at 3 ϫ 10 5 cells/cm 2 in RPMI 1640 medium containing 50 M 2-mercaptoethanol, 10% fetal bovine serum, 100 IU/ml penicillin, and 100 g/ml streptomycin. After 3 h, floating cells (mostly RBC) were removed by washing with cold PBS. Adherent cells (macrophages) were used for transmigration assay. Cultures were maintained at 37°C in a humidified 95% air and 5% CO 2 atmosphere. HUVECs between 6 and 10 passages were growth-arrested by incubating in medium 200 for 12 h and used to perform the experiments unless otherwise indicated.
Cell Viability-HUVECs were allowed to grow to a confluent monolayer, rested for 12 h, and then treated with vehicle or 15(S)-HETE for 2 h. After treatments, cells were trypsinized, and trypan blue solution (0.4%) was added to the cell suspension (1:1) and incubated at RT for 10 min, and viable cells were counted on a hemocytometer. The cell viability was expressed as percentage of viable cells.
Western Blot Analysis-Western blot analysis was performed as described previously (28) .
Flux Assay-HUVECs were seeded on the apical side of the polycarbonate membrane transwell insert with 0.4-m pores, allowed to grow to full confluence for the formation of a monolayer, and growth-arrested for 6 h. FITC-conjugated dextran (ϳ70,000 Da) was added (100 g/ml) to the basal chamber. 15(S)-HETE (0.1 M) was added to both the apical and basal chambers, and after 2 h, 100 l of the medium from each chamber was collected, and the fluorescence intensity was measured using SpectraMax microplate fluorometer (Molecular Devices). The flux was expressed as % dextran diffused/h/cm 2 .
Immunoprecipitation-After growth arresting, the cells were treated with and without 15(S)-HETE (0.1 M) for a required time period and then lysed in lysis buffer containing 20 mM HEPES, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1 mM Na 3 VO 4 , 50 mM NaF, 50 mM ␤-glycerophosphate, 10 mM PMSF, and 100 g/ml aprotinin. To ensure complete rupture of cell membranes, cells were sonicated at a 40 MHz pulse for 40 s followed by centrifugation at 6000 rpm for 10 min. The cell extracts containing an equal amount of protein from control and each treatment were incubated with appropriate antibodies overnight at 4°C followed by the addition of protein A/B-Sepharose CL4B beads for an additional 2 h with gentle rocking at 4°C. The beads were collected by centrifugation at 1000 rpm for 1 min, washed in lysis buffer, and heated in Laemmli sample buffer for 10 min, and the released proteins were resolved on SDS-PAGE and immunoblotted with the desired antibodies.
Immunofluorescence-HUVECs were grown on cell culture grade glass coverslips to confluence, quiesced, and treated with vehicle or 15(S)-HETE (0.1 M) for various time periods. After treatment, cells were washed with PBS, fixed with 3% paraformaldehyde for 10 min at 37°C, permeabilized in TBS (10 mM Tris-HCl, pH 8.0, 150 mM NaCl) containing 3% BSA and 0.1% Triton X-100 for 10 min at room temperature, and blocked in 3% BSA in TBS overnight at 4°C. Then the cells were incubated with mouse anti-ZO-1 antibodies in combination with rabbit anti-occludin antibodies followed by goat anti-mouse and goat anti-rabbit secondary antibodies conjugated with Alexa Fluor 568 and Alexa Fluor 488, respectively, counter-stained with Hoechst 33342 (1:3000 dilution in PBS) for 1 min at room temperature, and mounted onto glass slides with Prolong Gold antifade mounting medium. Fluorescence images of cells were captured using an inverted Zeiss fluorescence microscope (AxioObserver Z1) via a ϫ40 NA 0.6 objective and AxioCam MRm camera without any enhancements using the microscope operating and image analysis software AxioVision version 4.7.2 (Carl Zeiss Imaging Solutions GmbH). The TJ-localized ZO-1 levels were quantified using Nikon's NIS Elements AR 3.1 imaging software and expressed as relative fluorescence units.
Monocyte Transmigration-Monocyte endothelial transmigration was measured as described by Bardin et al. (31) . BCECF-AM-labeled quiescent THP1 cells (1 ϫ 10 5 cells/well) were seeded onto the HUVEC monolayer and treated with vehicle or 15(S)-HETE (0.1 M) for 6 h. At the end of the treatment period, cells from the apical side were removed by a cotton swab; the membrane was cut, fixed, and mounted onto glass slides with Prolong Gold antifade mounting medium, and the THP1 cells transmigrated through the HUVEC monolayer to the dorsal side of the membrane were observed under a Zeiss inverted microscope (Zeiss AxioObserver Z1, type, plan-Apochromat; magnification, ϫ10/0.45 NA), and fluorescence images were captured with a Zeiss AxioCam MRm camera using the microscope operating and image analysis software AxioVision Version 4.7.2 (Carl Zeiss Imaging Solutions GmbH).
Site-directed Mutagenesis-The rZO1 mutants T770A, T772A, and T770A/T772A were generated by the QuikChange site-directed mutagenesis kit (Agilent Technologies, CA) using GFP-tagged rZO-1 containing vector (pEGFPZO-1, Addgene) and the following primers: T770A mutant, forward, 5Ј-ATC TCA TAA ACT TGC TAA AAA TAA TCA CCA TCT TTT TGC AAC TAC AAT TAA CTT AAA TTC-3Ј, and reverse, 5Ј-GAA TTT AAG TTG TAG TTG CAA AAG ATG GTG ATT ATT TTT AGC AAG TTT ATG AGA T-3Ј; T772A mutant, forward, 5Ј-CTA AAA ATA ATC ACC ATC TTT TTA CAA CTG CAA TTA ACT TAA ATT CAA TGA ATG ATG GT-3Ј, and reverse, 5Ј-ACC ATC ATT CAT TGA ATT TAA GTT AAT TGC AGT TGT AAA AAG ATG GTG ATT ATT TTT AG-3Ј; and T770A/772A mutant, forward, 5Ј-ACT TGC TAA AAA TAA TCA CCA TCT TTT TGC AAC TGC AAT TAA CTT AAA TTC AAT GAA TGA TGG-3Ј, and reverse, 5Ј-CCA TCA TTC ATT GAA TTT AAG TTA ATT GCA GTT GCA AAA AGA TGG TGA TTA TTT TTA GCA AGT-3Ј. The mutations were verified by DNA sequencing.
Mass Spectrometry-HUVEC cells at 60% confluence were quiesced for 24 h and then treated with 15(S)-HETE (0.1 M) for 30 min. After washing with PBS, cells were lysed in the lysis buffer as described above under "Immunoprecipitation" and immunoprecipitated with anti-ZO-1 antibodies. The immunocomplexes were separated on a 0.1% SDS, 7% PAGE and visualized by Coomassie Brilliant Blue R-250 staining. The ZO-1 band was excised and subjected to in-gel digestion with trypsin. The resulting peptides were analyzed by LC-ESI-MS/MS to identify the phosphorylated amino acid residues at the Bioanalytical and Mass Spectrometry Facility at the University of Alabama at Birmingham School of Medicine.
Animals-WT (C57BL/6) and 12/15-LO Ϫ/Ϫ (B6129S2-Alox15 tm1fun /J) mice were obtained from The Jackson Laboratory. Mice were bred and maintained according to the Institutional Animal Facility Guidelines. All the studies using animals were approved by the Animal Care and Use Committee of the University of Tennessee Health Science Center, Memphis, TN. The mice were fed with chow diet or high fat diet containing 21.2% fat, 0.2% cholesterol, 17.3% protein, and 48.5% carbohydrate (TD88137 from Harlan, Teklad, Madison, MI) for 3 months and used as needed.
Immunofluorescence Staining of Aortas-Aortas from WT and 12/15-LOX Ϫ/Ϫ mice were dissected out, cleaned from connective and fat tissue, and treated with vehicle, AA (2.5 M), 15-(S)-HETE (0.5 M), or 12(S)-HETE (0.5 M) in the presence and absence of PD098059 (10 M) or PKC⑀ inhibitor peptide (20 M) for 30 min. The aortas were then opened longitudinally, fixed with 3% paraformaldehyde for 30 min followed by 0.2% picric acid for 1 h, permeabilized in TBS (10 mM Tris-HCl, pH 8.0, 150 mM NaCl) containing 3% BSA and 0.2% Triton X-100 for 10 min, and blocked in 3% BSA for 1 h at room temperature. The aortas were then incubated with rabbit anti-ZO-1 antibodies followed by goat anti-rabbit secondary antibodies conjugated with Alexa Fluor 568 and mounted onto glass slides with Prolong Gold antifade mounting medium. In another set of experiments, aortas were isolated from both WT and 12/15-LO Ϫ/Ϫ mice that were on chow diet or high fat diet for 3 months, fixed, and stained for ZO-1 as described above. Fluo-rescence images of the luminal side of aortas were captured using an inverted Zeiss fluorescence microscope (AxioObserver Z1) via a ϫ40 NA/0.6 and AxioCam MRm camera using the microscope operating and image analysis software AxioVision version 4.7.2 (Carl Zeiss Imaging Solutions GmbH) without any enhancements. The TJ-localized ZO-1 levels were quantified using Nikon's NIS Elements AR 3.1 imaging software and expressed as relative fluorescence units.
Extravasation Assay-Vascular permeability was examined by visualizing the leakage of Evans blue dye into the vascular wall as described previously (32) . WT and 12/15-LO Ϫ/Ϫ mice that were fed a chow diet or high fat diet were anesthetized by ketamine/xylazine, and Evans blue dye (0.1 ml of 1% Evans blue dye in phosphate-buffered saline) was injected into the inferior vena cava. After 30 min, the mice were perfused through left ventricle with 4% paraformaldehyde for 10 min and sacrificed with an overdose of ketamine/xylazine. Aortas were dissected out and cleaned, and pictures were taken using Nikon SLR camera model D7100.
Statistics-All the experiments were repeated three times, and the data are presented as mean Ϯ S.D. The treatment effects were analyzed by one-way ANOVA followed by post hoc t test in Microsoft Excel. The p values Ͻ0.05 were considered statistically significant. 1A ). However, both 12(S)-HETE and 15(S)-HETE increased HUVEC permeability to almost the same level. 15(R)-HETE, the enantiomer of 15(S)-HETE, had little or no effect on HUVEC barrier permeability suggesting that the effects of HETEs on EC barrier permeability are stereospecific. To find whether the increase in EC barrier permeability has any influence on transmigration of inflammatory cells, we studied the effects of 5(S)-HETE, 12(S)-HETE, 15(S)-HETE, and 15(R)-HETE on THP1 cell trans-endothelialization through a HUVEC monolayer. Consistent with their effects on HUVEC barrier permeability, 5(S)-HETE, 12(S)-HETE, and 15(S)-HETE enhanced transmigration of THP1 cells through this EC monolayer as compared with vehicle control, and with 5(S)-HETE the effects were lower as compared with those of 12(S)-HETE or 15(S)-HETE ( Fig. 1C ). Between 12(S)-HETE and 15(S)-HETE, both exhibited similar effects on THP1 cell transmigration. 15(R)-HETE, which had little effect on HUVEC barrier permeability, also had little or no effect on THP1 cell transmigration. Because both 15-LO1 and 15-LO2, which are expressed in humans, convert AA mostly to 15(S)-HETE (10, 11), we focused the rest of the studies on this eicosanoid. The dose-response study showed that 15(S)-HETE increases both EC barrier permeability and THP1 cell transmigration almost to a maximum level at 100 nM ( Fig. 1, B and D) . To test whether the increased HUVEC barrier permeability by 15(S)-HETE was due to cell death, we examined its effects on HUVEC survival. As determined by trypan blue dye exclusion assay, no differences were found in HUVEC survival between control and 15(S)-HETE treatment, suggesting that the increases in 15(S)-HETE-induced HUVEC barrier permeability were not due to cell death ( Fig. 1E ). To explore the pathophysiological significance of the effects of 15(S)-HETE on HUVEC barrier permeability and THP1 cell transmigration, we also tested its effects on transmigration of primary human and mouse macrophages through EC monolayers. 15(S)-HETE induced transmigration of both human and mouse primary macrophages through their respective EC monolayers ( Fig. 1F ). To find the potency of 15(S)-HETE in inducing EC barrier permeability, we compared its effects with that of thrombin on HUVEC barrier permeability. 15(S)-HETE was found as potent as thrombin in the induction of HUVEC barrier permeability (Fig. 1G ). These observations clearly indicate that 15(S)-HETE increases EC barrier permeability facilitating transmigration of monocytes. Based on these findings, we next focused on the elucidation of mechanisms underlying 15(S)-HETE-induced HUVEC barrier permeability. 15(S)-HETE Promotes EC Barrier Permeability by Disruption of TJs-TJs play an important role in the regulation of endothelial barrier function (21, 22) . Therefore, to understand the mechanisms by which 15(S)-HETE induces EC barrier permeability, we tested its effects on endothelial TJs. 15(S)-HETE had no major effect on the steady-state levels of TJ proteins, claudin-1, claudin-5, junctional adhesion molecule-A (Jam-A), Jam-B, Jam-C, occludin, ZO-1, and ZO-2, for at least 2 h, a time point before which maximal increases in HUVEC barrier permeability occurred by 15(S)-HETE ( Fig. 2A ). Therefore, we hypothesized that 15(S)-HETE might be disrupting the TJs by stimulating the post-translational modifications of TJ proteins causing their dissociation from the multimeric protein complexes. In line with this view, we found that 15(S)-HETE induced the Ser/Thr phosphorylation of claudin-1, claudin-5, occludin, ZO-1, and ZO-2 in a time-dependent manner with maximum effects at 10 and 30 min ( Fig. 2B ). 15(S)-HETE did not affect the Ser/Thr phosphorylation of Jam-A, Jam-B, or Jam-C. Among the TJ proteins whose phosphorylation was increased more than 2-fold by 15(S)-HETE, the time course of ZO-1 phosphorylation was found to be quite acute compared with others, as it peaked at 10 min and returned to basal levels antibodies, and the immunocomplexes were analyzed for the indicated TJ proteins by WB. The cell extracts in C were also analyzed by WB for total ZO-1 levels. E, HUVEC monolayer was treated with vehicle or 0.1 M 15(S)-HETE for the indicated time periods, fixed, and probed with mouse anti-ZO-1 antibodies in combination with rabbit anti-occludin antibodies followed by Alexa Fluor 568-conjugated goat anti-mouse and Alexa Fluor 488-conjugated goat anti-rabbit secondary antibodies. Fluorescence images were captured using an inverted Zeiss fluorescence microscope (AxioObserver Z1) via a ϫ40 NA 0.6 objective, and AxioCam MRm camera without any enhancements. The TJ ZO-1 levels were calculated using NIS Elements AR 3.1 imaging software (Nikon, Tokyo, Japan). The experiments were repeated three times, and the values are expressed as means Ϯ S.D. *, p Ͻ 0.05 versus vehicle control. by 60 min, a time course that correlates well with the transient increase in HUVEC barrier permeability. Because 5(S)-HETE, 12(S)-HETE, and 15(S)-HETE induced HUVEC barrier permeability, although differentially, we next asked the question whether these HETEs stimulate ZO-1 phosphorylation in correlation to their capacities on the induction of HUVEC barrier permeability. Consistent with their effects on HUVEC barrier permeability, all three HETEs stimulated ZO-1 phosphorylation; the effects by both 12(S)-HETE and 15(S)-HETE were 5-fold higher than control and 3-fold higher than the effect of 5(S)-HETE ( Fig. 2C ). 15(R)-HETE, the enantiomer of 15(S)-HETE, which does not have much effect on HUVEC permeability, also failed to stimulate ZO-1 phosphorylation significantly ( Fig. 2C ). These findings point to a possible role of ZO-1 phosphorylation in the induction of HUVEC barrier permeability by HETEs. Therefore, to understand the role of Ser/Thr phosphorylation of TJ proteins in the regulation of TJ integrity, we have focused on ZO-1. Because 15(S)-HETE also induced the Ser/Thr phosphorylation of other TJ proteins, namely claudin-5, occludin, and ZO-2 more robustly, we have examined their interactions with ZO-1 by co-immunoprecipitation (co-IP) assays. Co-IP experiments showed that ZO-1 exists in complex with claudin-5, occludin, and ZO-2 in a confluent HUVEC monolayer and upon treatment with 15(S)-HETE, it dissociated from these protein complexes with a robust and acute dissociation from occludin (Fig. 2D ). Reassociation of ZO-1 with occludin was observed at 60 min and thereafter. Double immunofluorescence staining of a HUVEC monolayer treated with and without 15(S)-HETE for various time periods for ZO-1 and occludin showed that the dissociation of ZO-1 from occludin in the TJs in response to 15(S)-HETE occurs as acutely as 10 min, reaches maximum at 30 min, and starts reassociation at 60 min ( Fig. 2E ). Therefore, based on the co-IP and co-localization experiments, it appears that 15(S)-HETE disrupts endothelial TJs in a transient manner.
RESULTS

15(S)-HETE Increases Endothelial Barrier Permeability-To
Inhibition of ZO-1 Phosphorylation Prevents TJ Disruption-To identify the Ser/Thr residues of ZO-1 phosphorylated by and involved in 15(S)-HETE-induced TJ disruption causing enhanced trans-endothelialization of monocytes, we performed mass spectrometry. Mass spectrometric analysis revealed that 15(S)-HETE induces phosphorylation of Thr-770 and Thr-772 of ZO-1 (Fig. 3A) . Both Thr-770/772 are located in the guanylate kinase (GUK) homology region domain of the PDZ-SH3-GUK core motif as shown in blue in Fig. 3B (33) . To understand the influence of phosphorylation of these amino acid residues of ZO-1 on its dissociation from occludin in the TJs in response to 15(S)-HETE, we mutated these amino acid residues alone or in combination to Ala in GFP-tagged rZO-1 expression vector and transfected HUVECs with the vector containing either WT or mutant rZO-1, treated with and without 15(S)-HETE for 30 min, and rZO-1 phosphorylation was measured. 15(S)-HETE increased WT rZO-1 phosphorylation by about 5-fold compared with control. However, mutation of either Thr-770 or Thr-772 to Ala alone or in combination suppressed 15(S)-HETE-induced rZO-1 phosphorylation, with complete blockade by the double mutant (Fig. 3C ). Furthermore, consistent with their phosphorylation pattern, expression of rZO-1 with or without mutations formed a complex with endogenous occludin in a HUVEC monolayer. In response to 15(S)-HETE, rZO-1 without mutations was found to be dissociated from occludin, whereas the ones with mutations remained in the complex with occludin ( Fig. 3D) . To test if the Thr-770/772 phosphorylation of ZO-1 is also essential for its interactions with other TJ proteins such as Jam-A, we examined the interactions of WT and mutant rZO-1 with Jam-A. Coimmunoprecipitation assay revealed that rZO-1 regardless of its phosphorylation state at Thr-770/772 was found to be associated with Jam-A, suggesting that the state of ZO-1 phosphorylation at Thr-770/772 had no influence on its association with Jam-A. Immunofluorescence staining for endogenous ZO-1 and rZO-1 in the TJs also showed that although endogenous or rZO-1 was dissociated from TJs causing TJ disruption, the mutant rZO-1 remained in the TJs and prevented their dislocation from the TJs in response to 15(S)-HETE ( Fig. 3E) . Next, the effect of these mutants in 15(S)-HETE-induced HUVEC barrier permeability and THP1 cell transmigration was examined. As shown in Fig. 3 , F and G, rZO-1 mutants attenuated 15(S)-HETE-induced increases in HUVEC permeability as well as THP1 cell transmigration, with a robust blockade by the double mutant.
ERK1/2 Mediate 15(S)-HETE-induced ZO-1 Phosphorylation-Previous studies from other laboratories have reported that MAPKs might play a role in the disruption of TJs via mediating phosphorylation of TJ proteins in response to external cues in epithelial cells (34, 35) . Therefore, to investigate the upstream mechanisms of ZO-1 phosphorylation by 15(S)-HETE, we tested the role of MAPKs. 15(S)-HETE enhanced phosphorylation of ERK1/2 but not p38 MAPK in a time-dependent manner in HUVECs (Fig. 4A ). Based on this observation, we next tested the role of ERK1/2 in 15(S)-HETEinduced ZO-1 phosphorylation. PD098059, a pharmacological inhibitor of MEK1 (36) , an immediate upstream regulator of ERK1/2, attenuated 15(S)-HETE-induced ZO-1 phosphorylation ( Fig. 4B ). To confirm these results, we also used a dominant negative mutant approach. Adenovirus-mediated expression of dnMEK1 (37) also blocked 15(S)-HETE-induced ZO-1 phosphorylation ( Fig. 4C ). In line with these observations, both PD098059 and dnMEK1 blocked 15(S)-HETE-induced dissociation of ZO-1 from occludin (Fig. 4, D and E) . In addition, inhibition of ERK1/2 by either pharmacological or the dominant negative mutant approach attenuated 15(S)-HETE-induced HUVEC TJ disruption, barrier permeability, and THP1 cell transmigration (Fig. 4, F-K) .
PKC⑀ Acts Upstream to ERK1/2 in the Mediation of ZO-1 Phosphorylation-It has been previously reported that PKCs play a predominant role in the regulation of TJ function (38 -40) . Hence, we wanted to test whether 15(S)-HETE activates any PKCs and, if so, their role in ERK1/2-mediated ZO-1 phosphorylation. The time course experiment revealed that 15(S)-HETE enhances phosphorylation of PKC␦, PKC⑀, and PKC in a time-dependent manner with maximum effects at 5-10 min (Fig. 5A ). It had no major effect on PKC␣/␤II and PKC␥ phosphorylation. Therefore, based on these observations, we next tested the role of PKC␦, PKC⑀, and PKC in ERK1/2 activation. Adenovirus-mediated expression of dnPKC⑀ but not dnPKC␦ or dnPKC blocked 15(S)-HETE-induced ERK1/2 activation, sug-gesting that PKC⑀ acts upstream to ERK1/2 (Fig. 5B ). To confirm this conclusion, we also tested the effect of blockade of MEK1 on PKC⑀ activation. Inhibition of MEK1 by either a pharmacological or dominant negative mutant approach had no effect on 15(S)-HETE-induced PKC⑀ phosphorylation, indicating that PKC⑀ acts upstream of MEK1 in the phosphorylation of ERK1/2 (Fig. 5, C and  D) . We next tested the role of PKC⑀ on 15(S)-HETE-induced ZO-1 phosphorylation. As shown in Fig. 5E , adenovirus-mediated expression of dnPKC⑀ efficiently blocked the Ser/Thr phosphorylation of ZO-1. Similarly, dnPKC⑀ prevented 15(S)-HETE-induced dissociation of ZO-1 from occludin and disruption of TJs (Fig. 5 , F and G). 15(S)-HETE-induced HUVEC barrier permeability as well as THP1 cell transmigration were also suppressed by dnPKC⑀ (Fig.  5, H and I) . 
15(S)-HETE Perturbs Endothelial TJs
12/15-LO-12/15(S)-HETE Mediates High Fat Diet-induced
Aortic Endothelial TJ Disruption-To better understand the pathophysiological relevance of the above observations, we have extended these studies to intact mouse arteries. Exposure of intact arteries from WT mice to 15(S)-HETE or 12(S)-HETE ex vivo caused increased phosphorylation of ZO-1, and this effect was negated by inhibitors of either PKC⑀ or MEK1 (Fig. 6,  A and B) . Consistent with this observation, exposure of intact arteries from WT mice to 15(S)-HETE or 12(S)-HETE ex vivo also caused dislocation/disappearance of ZO-1 from endothelial TJs in PKC⑀ and MEK1-dependent manner (Fig. 6, C and D) . To confirm these findings, we also tested the effects of AA, the substrate of 12/15-LO, on endothelial TJ disruption using aortas from WT and 12/15-LO Ϫ/Ϫ mice. Exposure of aortas from WT but not 12/15-LO Ϫ/Ϫ mice to AA led to the dislocation/ disappearance of ZO-1 from TJs (Fig. 6E ). However, exposure of aortas from either WT or 12/15-LO Ϫ/Ϫ mice to 15(S)-HETE or 12(S)-HETE caused dislocation/disappearance of ZO-1 from TJs (Fig. 6E ), suggesting that AA conversion through 12/15-LO is essential for its effects on TJ disruption. To substantiate these observations, WT and 12/15-LO Ϫ/Ϫ mice were fed a chow diet (CD) or high fat diet (HFD) for 3 months, and 12/15-LO expression in the aorta and aortic endothelial TJs was examined. First, compared with CD, HFD feeding induced 12/15-LO expression in the endothelium as determined by co-immunofluorescence staining for 12/15-LO and CD31 levels (Fig. 7A ). Second, in line with its effect on 12/15-LO expression, HFD induced aortic endothelial TJ disruption only in WT but not 12/15-LO Ϫ/Ϫ mice (Fig. 7B ). Consistent with these observations, in response to HFD feeding, aortas from WT mice showed increased permeability as determined by extravasation of Evans blue dye as compared with aortas from 12/15-LO Ϫ/Ϫ mice (Fig. 7C ).
DISCUSSION
Endothelial TJs form strand-like structures between two adjacent cells and regulate the paracellular permeability of the endothelium to ions and macromolecules (22) . Endothelial TJs are composed of transmembrane proteins (occludin, claudins, and junction adhesion molecules) and intracellular proteins (zona occludens 1-3 (ZO-1-3), protein incorporated later into tight junctions (PILT), junction-enriched and associated protein (JEAP), and multi-PDZ domain protein 1 (MUPP-1)) (21, 41, 42) . Disruption in the interactions between these proteins perturbs the TJs affecting the permeability of the endothelium (22) . Although the steady-state levels of transmembrane and intracellular TJ components are critical in the formation of TJ complexes, many studies have also reported that post-translational modifications, such as phosphorylation, play a role in the regulation of TJs (35, 38, 40, 42, 43) . In this aspect, a role for both Ser/Thr and Tyr phosphorylation of TJ proteins in the formation and/or disruption of TJs has been reported (40, 44 -46) . The ZO-1, which was the first component of the TJ complexes identified, belongs to a family of multidomain proteins known as the membrane-associated guanylate kinases and consists of three PDZ domains, an Src homology 3 (SH3) domain, and a proline-rich region (47) . Because of the presence of multiple protein-binding motifs, it possesses the capacity to interact with several proteins and organize them as multiprotein complexes. Many reports showed that ZO-1 forms heterodimers with claudins, occludin, and ZO-2 (22, 41, 47) . It was also reported that ZO-1 interacts with several signaling proteins (48) . However, the mechanisms of these interactions and their relevance to TJ assembly are poorly understood. A convincing body of evidence suggests that lipoxygenases, particularly 15-LO1, play a crucial role in the pathogenesis of various vascular diseases (12) (13) (14) (15) (16) (17) (18) . Interestingly, 15-HETE, the major 15-LO product of AA, was also found to be the major metabolite of AA converted by the atherosclerotic arteries (12, 13) . Similarly, we have reported that overexpression of 15-LO1 or 15-LO2 exacerbates restenosis in response to injury (49, 50) . In addition, the previous studies by us as well as others have reported the presence of 15-LO or its inhibitor, nordihydroguaiaretic acid-sensitive production of 15(S)-HETE and 13(S)hydroxyoctadecadienoic acid in response to incubation with AA and linoleic acid, respectively, in both vascular smooth muscle cells and endothelial cells (28, (51) (52) (53) (54) . Thus, all these reports may lend support to the role of 15-LO-15(S)-HETE axis in vascular diseases. Some studies also showed a role for cyclooxygenase in the production of 15(S)-HETE in vascular smooth muscle cells (55) . Regardless of its source, how 15(S)-HETE is involved in the pathogenesis of these vascular diseases is not clear. Perturbation in TJs leads to endothelial dysfunction, which is considered to be hallmark in the initiation of atherosclerosis and other vascular diseases (19, 20) . So, we hypothesized that 15(S)-HETE may cause endothelial dysfunction by altering TJs. Our findings reveal that 15(S)-HETE causes TJ disruption and facilitates transmigration of macrophages There X corresponding score was 4.4 with a peptide probability of 96%, and there were 27 matching fragment ions, which were generally related to the most abundant ions in the spectra. In the lower panel, less abundant fragments, including water and ammonia losses on 2ϩ charge state daughter ions, are shown. Although the Thr-772 assignment was fair with an A-score of 12.3 and a localization score of 96%, there was some ambiguity between Thr-770 and Thr-772 with a slightly higher localization score for Thr-770 at 71%. There were no neutral loss ions, which is common on higher charge state peptides as is observed here, which made these assignments much more straightforward. B, structure of ZO-1 from Nomme et al. (33) pointing out in blue the Thr-770/772 residues located in the GUK domain. C and D. HUVECs that were transiently transfected with empty vector (EV) or GFP-tagged recombinant ZO-1 (rZO-1) expression vector, with and without mutations T770A, T772A, or T770A/T772A and grown to confluence, were quiesced and treated with vehicle or 0.1 M 15(S)-HETE for 30 min; cell extracts were prepared and immunoprecipitated (IP) with anti-GFP antibodies, and the immunocomplexes were analyzed by WB with the antibodies of the indicated proteins. IB, immunoblot. E, all the conditions were the same as in C except that after quiescence and with the indicated treatments, the HUVEC monolayer was stained for endogenous ZO-1 using mouse anti-ZO-1 antibodies followed by developing with Alexa Fluor 568-conjugated goat anti-mouse secondary antibodies. The rZO-1 tagged with GFP was visualized by green fluorescence. Fluorescence images were captured, and TJ ZO-1 levels were measured as described in Fig. 2E. F and G, A, HUVEC extracts of the control and the indicated treatments were analyzed by WB for pERK1/2 and pp38 MAPK levels followed by normalization to their total levels. B and C, HUVEC extracts of the control and the indicated treatments were immunoprecipitated (IP) with anti-Ser(P)/Thr antibodies, and the immunocomplexes were analyzed by WB for ZO-1 levels. Cell extracts were also analyzed by WB for total ZO-1 levels as well as for overexpression of dnMEK1 and GFP. IB, immunoblot. D and E, all the conditions were the same as in B or C except that the cell extracts were immunoprecipitated with anti-ZO-1 antibodies, and the immunocomplexes were analyzed by WB for occludin followed by normalization to ZO-1. The same cell extracts were also analyzed by WB for overexpression of dnMEK1 and GFP. F and G, all the conditions were the same as in B or C except that after quiescence, the HUVEC monolayers were treated with vehicle or 15(S)-HETE (0.1 M) for 30 min and stained for ZO-1 and occludin as described in Fig. 2E legend. Fluorescence images were captured, and TJ-localized ZO-1 levels were quantified as described in Fig. 2E legend. H-K Fig. 2B . IB, immunoblot. D, all the conditions were the same as in C except that cells were transduced with the indicated adenoviral vector (40 M.O.I.) and quiesced before subjecting to the indicated treatments and analyzing for phospho-PKC⑀ and total PKC⑀ levels. The same cell extracts were also analyzed by WB for overexpression of dnMEK1 or GFP. E and F, HUVECs that were transduced with the indicated adenoviral vector (40 M.O.I.) and quiesced were treated with vehicle or 0.1 M 15(S)-HETE for 30 min; cell extracts were prepared and immunoprecipitated with anti-Ser(P)/Thr or anti-ZO-1 antibodies, and the immunocomplexes were analyzed by WB for ZO-1 and occludin levels. The same cell extracts were also analyzed for ZO-1, PKC⑀, or GFP levels for normalization or to show the overexpression of dnPKC⑀ or GFP. The blot in F was reprobed for ZO-1. G, all the conditions were the same as in E except that after quiescence, the HUVEC monolayer was treated with vehicle or 0.1 M 15(S)-HETE for 30 min and immunostained for ZO-1 and occludin as described in Fig. 2E . Fluorescence images were captured, and TJ-localized ZO-1 levels were quantified as described in Fig. 2E. H and I, through the endothelium. Toward understanding the mechanisms, we observed that 15(S)-HETE induces Ser/Thr phosphorylation of several TJ proteins, among which the most strik-ing is ZO-1. From mass spectrometric analysis, we found two Thr residues of ZO-1, namely Thr-770/772, to be phosphorylated by 15(S)-HETE, and mutation of these amino acid residues to Ala protected TJ disruption to a significant level, and this effect is dependent on PKC⑀-mediated activation of MEK1-ERK1/2 signaling. Previous reports showed that ZO-1-associated kinase, a serine/threonine kinase, binds to the SH3 domain of ZO-1 and phosphorylates it in the carboxyl terminus (56) . In addition, a pharmacological inhibitor of PKC was shown to inhibit ZO-1 phosphorylation and TJ assembly, suggesting that PKC-mediated phosphorylation of ZO-1 promotes TJ formation (57) . In contrast, inhibition of MEK1 was shown to attenuate ZO-1 phosphorylation and enhance TJ assembly, indicating that the Ser/Thr phosphorylation of ZO-1 disassembles TJs (35) . Some studies also indicated that phosphorylation of ZO-1 may not always correlate with barrier function (58) . However, none of these studies identified specific Ser/Thr phosphorylation sites and therefore led to correlative conclusions. However, our results indicate that PKC⑀-dependent ERK1/2 activation is required for ZO-1 Thr-770/772 phosphorylation, and these events lead to its disassembly from TJs, affecting endothelial barrier permeability. Recently, it was shown that ZO-1 and occludin complex plays an important role in TJ assembly and barrier permeability (59) . In this aspect, it is interesting to note A, aortas from WT mice that were either on CD or HFD for 3 months were dissected out and fixed in OCT compound; cross-sections were made and co-immunostained for 15-LO1 and CD31 using sheep anti-rabbit 15-LO1 antibodies and rat anti-mouse CD31 antibodies followed by development with Alexa Fluor 568-conjugated donkey anti-sheep antibodies and Alexa Fluor 488-conjugated goat anti-rat antibodies; and the fluorescence images were captured as described in Fig. 2E . B, aortas from WT and 12/15-LO Ϫ/Ϫ mice that were kept on CD or HFD for 3 months were dissected out, opened longitudinally, fixed, permeabilized, blocked and incubated with rabbit anti-ZO-1 antibodies followed by Alexa Fluor 568-conjugated goat anti-rabbit secondary antibodies. Fluorescence images were captured, and TJ-localized ZO-1 levels were quantified as described in Fig. 2E . The white arrows point out TJ disruption. C, all the conditions were the same as in B except that animals after feeding with CD or HFD for 3 months were anesthetized, and 0.1 ml of 1% Evans blue dye was injected into inferior vena cava, and after 30 min the blood vessels were perfused with PBS through the left ventricle and fixed with 4% paraformaldehyde. The arteries were isolated and cleaned from fat tissue, and pictures were taken using Nikon SLR camera (model D7100). Six animals were used in each group, and the bar graphs represent means Ϯ S.D. *, p Ͻ 0.05 versus CD; **, p Ͻ 0.05 versus WT (HFD).
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that 15(S)-HETE-induced phosphorylation of ZO-1 at Thr-770/772 leads to its dissociation from occludin affecting TJ integrity and barrier function. These findings also reveal that the phosphorylation state of ZO-1 at Thr-770/772 determines its capacity to form a complex with occludin. The structural studies demonstrated that the GUK region in the ZO-1 is essential for its interactions with other TJ proteins such as occludin in forming TJs (60) . As Thr-770/772 residues are located in the GUK region and phosphorylation of these amino acid residues prevents its interactions with occludin, it is likely that these amino acid residues play an important role in the interaction of ZO-1 with other proteins in the assembly of TJs. (12) (13) (14) (15) (16) (17) (18) . Similarly, EC dysfunction was thought to be an early event in the pathogenesis of atherosclerosis (19, 20) . Because 12/15-LO and its AA metabolites, 15(S)-HETE and 12(S)-HETE, appear to play a role in the disassembly of endothelial TJs and barrier dysfunction, it is possible that 12/15-LO via affecting TJ integrity and thereby endothelial barrier function is involved in the pathogenesis of atherosclerosis. In this context, it is worth to point out that aortic endothelial TJs in 12/15-LO Ϫ/Ϫ mice appear to be more intact than those in WT mice and in response to HFD feeding retained their integrity and prevented vascular leakiness. This enhanced vascular leakiness, which can be attributed to 12/15-LO, could be a causative factor in atherogenesis in response to risk factors such as HFD and infections (61) . A large body of literature points out a link between oxidative stress and vascular diseases (62) . A recent study showed that 12(S)-HETE increases retinal endothelial barrier permeability by NADPH oxidase-dependent reactive oxygen species production leading to phosphorylation and activation of VEGF receptor-2 (26) . We have previously shown that 15(S)-HETE by activating nonreceptor tyrosine kinases, Src and Pyk2, stimulates ZO-2 tyrosine phosphorylation and its dissociation from claudins 1/5 and thereby disrupts aortic endothelial TJs in response to HFD feeding (27) . We have also shown that 15(S)-HETE induces reactive oxygen species production via xanthine oxidase and an NADPH oxidase-dependent manner in macrophages (63) . Furthermore, our studies have demonstrated that the macrophages from apoE Ϫ/Ϫ :12/15-LO Ϫ/Ϫ mice exhibited lower capacity in the production of oxidants as compared with apoE Ϫ/Ϫ mice in response to HFD feeding (63) . In view of these findings and the present observations, it may be suggested that 15-LO1/15(S)-HETE axis (12/15-LO/12(S)-HETE axis in mice), via triggering both tyrosine and serine/threonine phosphorylation of various endothelial TJ proteins and thereby disrupting endothelial TJs, increasing vascular permeability, and enhancing vascular inflammation, might be playing a contributing role in atherogenesis in response to cardiovascular risk factors such as HFD. It is interesting to note that inhibition of either ZO-2 tyrosine phosphorylation or ZO-1 threonine phosphorylation completely blocked 15(S)-HETE-induced increases in endothelial permeability and monocyte transmigration. These observations may imply that both of these events are integrating in the 
mediation of 15(S)-HETE's effects on endothelial permeability and monocyte transmigration, in which case inhibition of either signaling event may affect the endothelial responses of 15(S)-HETE to the same level. A convincing body of evidence also suggests that polyunsaturated fatty acids such as AA and linoleic acid and their lipoxygenase metabolites, HETEs and hydroxyoctadecadienoic acids, respectively, are ligands for peroxisome proliferator-activated receptors, which upon activation in complex with retinoid X receptor bind to peroxisome proliferator response elements and regulate the target gene expression (64) . In addition, some studies have provided clues for the involvement of G protein-coupled receptors in the mediation of cellular responses by 12(S)-HETE and 15-HETE (65, 66) . Because 15(S)-HETE-induced endothelial TJ disruption appears to be dependent on transient phosphorylation of TJ proteins but not their steady-state levels, it is unlikely that peroxisome proliferator-activated receptors are involved in the mediation of these effects. However, although there is no putative receptor identified for HETEs thus far, based on the previous observations from other laboratories (65, 66) it is quite possible that 15(S)-HETE-induced endothelial TJ disruption may depend on activation of cell surface receptors such as G protein-coupled receptors. In any case, future studies are required to address whether 15(S)-HETE-induced TJ disruption in HUVECs in vitro and in arteries ex vivo/in vivo depends on activation of G protein-coupled receptors or some other receptors.
In brief, in addition to its role in tyrosine phosphorylation of ZO-2 and its dissociation from claudins 1/5 (27) , 15(S)-HETE, as shown in Fig. 8 , can also mediate the serine/threonine phosphorylation of other TJ proteins such as ZO-1 and its dissociation from occludin in the disruption of endothelial TJs and its barrier function.
